ABSTRACT
other environmental factors, showed a similar photosynthetic acclimation response as observed in nature. An analysis was made of a number of factors that potentially can contribute to the observed changes in the temperature dependence of net CO2 uptake at normal C02 and 02 levels. These One of the most prominent woody evergreen species of the deserts of the Southwestern United States is Larrea divaricata Cav. The photosynthetic performance of this species has been studied previously in some detail (13, 14, (19) (20) (21) (22) . Strain (19) noted that under natural conditions Larrea, of a number of species studied by him, may possess an unusually high photosynthetic acclimation potential to seasonal change in temperature regime.
In the present study the basis for the temperature acclimation process in L. divaricata was further explored by analyzing the photosynthetic characteristics ofits leaves both in its native habitat on the floor of Death Valley at different times of the year and under a series of controlled regimes in the laboratory.
MATERIALS AND METHODS
The field study site is located on the base of an alluvial fan on the floor of Death Valley, close to the National Park Service Headquarters at Furnace Creek.
This locality is notable for its extremely high summer temperatures. Long term weather records show that the mean daily maximum temperature for July is 46 C, whereas the winters are mild with a mean daily maximum temperature for January of only 18 C. This represents a seasonal change of nearly 30 C. The L. divaricata plants maintain photosynthetically active leaves throughout the year both in natural, nonirrigated sites (10) and in our irrigated experimental garden at Furnace Creek (this paper). The results reported here were obtained on 1-to 2-year-old plants grown in the experimental garden (5) where they had been watered once daily throughout their life.
Measurements of photosynthetic gas exchange characteristics were made in January, May, and September using a mobile laboratory described by Bjorkman et al. (5) with modifications as given by Ehleringer and Bjorkman (8) . Single, attached twigs so oriented that all leaves were fully exposed and perpendicular to the light beam were used in all measurements. A 1-kw metal arc lamp (Sylvania) provided the equivalent offull sunlight conditions (170-190 nE cm-2 sec'). Ambient CO2 pressure in the leaf chamber was kept at 320 to 340 ,ubar, 02 at 21%, and water vapor pressure deficit below 25 mbar. The measurements were started at a leaf temperature of 30 C and progressed first to lower temperatures in a stepwise manner. The leaves were then returned to 30 C and when the photosynthesis rate had resumed its original value the measurements progressed to higher temperatures.
Water potential during the course of the experiments was routinely measured on other twigs from the same plant using a pressure bomb (18 As in the field studies, photosynthesis was measured on attached twigs with three to five pairs of young but fully expanded leaves. The same gas exchange measuring system was also used, except that a 2.5-kw xenon arc lamp served as the light source.
Temperature dependence measurements were always started at the respective daylight growth temperature. Since the temperature range used in the laboratory studies was broad and preliminary experiments showed that exposure of the leaves to either temperature extreme sometimes resulted in changes that were irreversible in the short term, different sets of leaves were used for determinations of photosynthetic temperature dependence below and above the growth temperature. Curves for the temperature dependence of net CO2 uptake were determined under combinations of normal CO2 (320-340 ,ubar) and normal 02 (21%), normal CO2 and low 02 (1.5%), as well as saturating CO2 (816-918 /bar) and low 02. Temperature dependence of dark CO2 evolution was measured at normal CO2 and normal 02 only. In all, 24 different sets of leaves were used for the laboratory studies of photosynthetic gas exchange characteristics. Leaf nitrogen content was determined by the micro-Kjeldahl procedure.
RESULTS
Field Studies. The irrigated L. divaricata plants in Death Valley maintained relatively high net photosynthetic rates during all seasons (Fig. 1) . The rate at optimum temperature for this Ci species averaged 2.60 nmol of CO2 cm-2 sec-' (41.2 mg of CO2 dm-2 hr-') which is well above the mean of the rates reported in the literature for both wild and cultivated C:3 species. The stomatal conductance to gaseous diffusion also remained high in this desert species throughout the season even though the water potentials (in spite of daily irrigation) were quite low (Table I ). In September when the water potential had fallen to -33.7 bar, the stomatal conductance to water vapor transfer was still as high as I cm sec'. Like the optimum photosynthetic rate and stomatal conductance, leaf dark respiration rates (measured at 30 C) showed no appreciable seasonal change.
In contrast to the constancy during the year of the absolute rates of net photosynthesis at optimum temperature, pronounced seasonal shifts occurred in the temperature dependence of this process. In January when the mean daily maximum temperature was 20 C, the rate of photosynthesis at 20 C was approximately 60% higher than in September when the prevailing air temperature was 40 C and above. Conversely, in September the rate at 40 C was approximately 65% higher than in January. The optimum temperature for net photosynthesis shifted from about 20 C in January to about 32 C in September. Figure 2 such changes in the dark respiration in L. divaricata were much too small to account, to any significant extent, for the differences in the temperature dependence of net photosynthesis.
As was also the case in the field studies stomatal conductance remained high regardless of the growth regime (Table II) . Moreover, as illustrated in Figure 3 , the stomatal conductances were high and nearly constant at all analysis temperatures. As a result, the intercellular CO2 pressure merely mirrors the rate of net photosynthesis, reaching its minimum at the photosynthetic temperature optimum. The decline of photosynthesis on either side of this optimum takes place in spite of an increase in intercellular CO2 pressure. This unequivocally demonstrates that CO2 diffusion limitation in the gaseous phase can in no part account for the observed temperature-induced shifts in the temperature dependence of photosynthesis. The possibility was also investigated that growing the plants under different temperature regimes somehow influenced the inhibitory effect of 21% 02 on net photosynthesis ("photorespiration"), causing a shift in the temperature depend- 4 Figure 1 . Photosynthesis declined with time at temperatures exceeding the respective optima shown in Figure 4 . The rates shown are those determined after 10 min at each superoptimal temperature. Figure 1 .
ence of net photosynthesis in normal air. The results clearly show that this is not the case. As can be expected with any C:3 species, reducing the 02 concentration from 21% to 1% while maintaining the CO2 pressure at 320 ,Abar increased the net rate of CO2 uptake by approximately 45% at 30 C. This enhancement decreased at lower and increased at higher measurement temperatures and consequently shifted the temperature optima upward by a few degrees. This effect, however, was quantitatively the same regardless of the regime in which the plants had been grown (data not shown), indicating that no significant differences existed in the relative affinities to CO2 and 02 of the ribulose-l,5-bisP carboxylase/oxygenase enzyme or in other possibly limiting aspects of "photorespiratory" metabolism.
Measurements of photosynthesis in a combination of saturating CO02 and low 02 permit an analysis of the temperature dependence of CO2 uptake under conditions where rate restrictions by all CO2 diffusion processes, including intracellular CO2 transport, as well as by any 02 effects, are completely eliminated. Figure 3 shows the temperature dependence of photosynthesis, determined under these conditions. As one would expect, raising the CO2 from normal to saturating levels caused a large increase in photosynthetic rate in this C3 plant, especially at higher temperatures. This increase results in a substantial upward shift and a much sharper definition of temperature optimum. The differences in the temperature dependence characteristics among the plants grown under the three different temperatures were even more pronounced than in air of normal CO2 and 02.
At measurement temperatures exceeding the optimum for photosynthesis as determined under saturating CO2 the photosynthetic Leaf temperature, °C  FIG. 4 The increased photosynthetic rate at high analysis temperature with increasing growth temperature is undoubtedly related to an increased thermal stability of key components of the photosynthetic apparatus. The basis for this aspect of temperature acclimation is investigated and discussed in the companion report by Armond et al. (1) .
